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Discussed is the development of hydrogen brittleness in an (o; + /3) - 
titanium alloy VT3-1 and a /3-titanium alloy VT15. It is shown that hydrogen 
brittleness develops most intensely in VT3-1 at temperatures less than room 
temperature and at low strain rates. It is discovered that /3-titanium alloys at 
temperatures below room temperature are also prone to hydrogen brittleness, 
the temperature at which this occurs decreasing with a decrease in the hydrogen 
content. Hydrogen brittleness in the alloy VT15 is found to occur only at low 
strain rates in a narrow temperature range, approximately from -30°C to 
+10°C. Hydrogen brittleness of (a + /3) -titanium alloys is believed to be caused 
by processes developing in the j8-phase during plastic deformation. Since the 
composition of the /3-phase of VT3-1 after isothermal annealing is close to the 
composition of the jS-phase of VT15, it is concluded that hydrogen brittleness 
develops in approximately the same manner in both of them, provided the condi- 
tions for mechanical testing are the same for both. 


Of all types of hydrogen brittleness of metals, of greatest scientific 
interest is the brittleness developing at low rates of plastic deformation at 
fairly large hydrogen concentrations which, however, are below the ultimate 
solubility at experimental temperature. This brittleness is not due to the forma- 
tion of stable hydrides or of any other phase; it is due to processes developing 
during the plastic deformation in solid solutions of hydrogen in metals. 

It was recently established that such a brittleness takes place in many 
intermediate metals irrespective of their crystalline structure. 1 It is observed 
in metals having a body-centered lattice: in iron, niobium, vanadium, tantalum, 2 
in nickel having a face-centered cubic structure, 1 ’ 3 in a -titanium alloys with 
compact hexagonal structure. 4 Such a brittleness is observed in metals in which 
hydrogen is occluded endothermically ( such as iron and nickel) or exothermically 
(titanium, vanadium, niobium, and tantalum) ; in the first metals , hydrogen 
may develop extremely large internal pressures, which are insignificantly low 
in the second group of metals. 

Therefore, the mechanism of the hydrogen brittleness of these metals 
must contain some common factor which depends neither on their crystalline 
structure nor on the internal hydrogen pressure, although these factors must 
undoubtedly affect substantially the parts of the mechanism of brittleness. The 
common phenomenon in processes resulting in hydrogen brittleness of metals 
is the dislocating nature of both the mechanism of plastic deformation and of the 
fracturing process. Consequently, hydrogen brittleness must be due to the 
specific influence exerted by hydrogen on the dislocating motion during a plastic 
deformation and on origin and spread of cracks resulting in fracturing. 

At temperatures below a certain critical point T 0 , it may be assumed 6 
that hydrogen will form Hotter ell atmospheres in the dislocations. These 
atmospheres will accompany the dislocations by lagging a certain distance 
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behind them, when the rate of deformation is low and the temperature is not 
too low, so that the mobility of the hydrogen atoms is comparable to the rate of 
the motion of the dislocations. 

The dislocations made to move by the applied stresses and the hydrogen 
atmospheres reach the boundaries of the grains where they form accumulations. 
Taking into consideration that the accumulation may consist of hundreds and 
more dislocations, it can be expected that the segregation of hydrogen near the 
grain boundaries will be considerable. A crack will appear at the apex of the 
accumulation near the grain boundary, when the effective stresses are fairly 
large. 


It is often assumed that the cause which favors the formation and 
development of cracks in case of hydrogen brittleness is due to the reduced 
surface energy of the cracks by adsorption of hydrogen on its surface. 12, 14 
This phenomenon, however, cannot be the decisive cause of fractures due to 
brittleness. According to modern ideas, the Griffits criterion, which determines 
the spontaneous development of cracks resulting in fracture, should be used in 
the following form: 

~ 2E(p + 
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where y is the surface energy of a crack; p is the energy of the plastic deforma- 
tion of the metal connected with the spreading of the cracks; E is the modulus of 
elasticity; C designates the linear dimensions of the crack, and a is the stress 
required for developing the crack. In plastic metals, the energy p of the plastic 
deformation is thousands ‘of times larger than the surface energy y and, if the 
surface energy is reduced by hydrogen even to zero, it will not change sub- 
stantially the character of the spread of cracks. 

Brittle fractures must be due to causes which reduce the work of plastic 
deformation (p) during the formation and spread of cracks. In metals, which 
absorb hydrogen endothermically, this work can be reduced drastically by the 
internal hydrogen pressure. 15 ’ 16 For metals, such as titanium, this explanation 
is unacceptable, because their hydrogen pressure is negligible. 

In this respect, it is interesting to note that tempered VT15 alloy becomes 
brittle at room temperature and at any rate of deformation, when its hydrogen 
content is larger than 0.25 percent by weight. Hydrides begin to appear in it 
at considerably larger concentrations of.hydrogen in the order of 35 percent by 
weight. The impression is that, at hydrogen concentrations larger than 0.25 
percent by weight (10 atomic percent) , the lattice of the /3-phase is stressed to 
a degree that makes the development of plastic deformations impossible. Similar 
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segregations of hydrogen in the j3-phase may appear with deformations proceed- 
ing at low rate. 

It should be also noted that all metals with exothermic occlusion of 
hydrogen form hydrides. Therefore, it is possible that in certain of these 
metals, the segregation of hydrogen in the zone of accumulated dislocations 
caused by plastic deformation will result in local appearance of submicroscopic 
hydrides with densities, as a rule, considerably less than of the metal and, 
therefore, resulting in considerable stresses. These hydrides and their related 
stresses favor the development of plastic deformation at the top of a crack. 

In accordance with these concepts, hydrogen brittleness develops at a 
definite temperature interval which depends on the rate of deformation. The 
upper temperature threshold of hydrogen brittleness is determined by the 
temperature at which the Kotterell atmosphere is completely destroyed. 

Hydrogen brittleness appears most intensively at temperatures below 
the temperature T of complete condensation of Kotterell atmospheres and is 
determined by the equation 


T = 


U 

max 
k ln-r- 


(1) 


where U is the maximum bonding energy of hydrogen atoms and dislocations; 
max 

k is Boltzmann constant; and C 0 is the average concentration of hydrogen in the 
metal. The lower threshold of hydrogen brittleness is determined by the tem- 
perature at which the mobility of hydrogen atoms is too small to enable them to 
follow the dislocations. This temperature interval of hydrogen brittleness 
decreases with increased rate of deformation until it disappears completely 
( Figure 1) . The critical rate of deformation at which hydrogen brittleness 
disappears is determined by the equation 


V kp " 


4bpkTD 


( 2 ) 


where b is the Burgers vector of dislocation; p is the dislocation density; T is 
the temperature; D is the coefficient of diffusion of hydrogen. 
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The constant A in Eq. (2) is con- 
nected with the energy U by the 

max 

relationship 

u = — T~r- (3) 

max r + d 

In this relationship, r is the distance 
between a hydrogen atom and the 
center of dislocation; and d is the 
width of dislocation. It is assumed 
that the dislocation width is close to 
the distance between the atoms. 

The experimental data obtained 
by Schwarzberg, Williams, and 
Jaffee 7 for an (a + /3) -titanium 
alloy Ti-140A (2-percent Mo, 
2-percent Cr, 2-percent Fe) confirm the dislocation theory of hydrogen brittle- 
ness as described above. 6 The actual picture, however, may turn out to be 
more complex. Segregations of hydrogen formed by accumulation of dislocations 
are thermodynamically unstable. It is known 17 that when a load is removed from 
a slowly elongated specimen which is quickly broken at the expiration of a cer- 
tain time, it will show no brittleness. Thermal diffusion eliminates the sources 
which cause a hydrogen brittleness at low rates of deformation. However, in 
breaking up the hydrogen segregation at the accumulation of dislocations, the 
thermal diffusion is effective not only after the load is removed, but also during 
the loading process. If the rate of deformation is not too low, the hydrogen 
segregations, caused by dislocations moving the hydrogen atoms to an obstacle, 
are not significantly destroyed by thermal diffusion. However, if the rate of 
deformation is extremely small, the thermal diffusion will predominate over 
the hydrogen segregation in the zone of accumulation and there will be no over- 
saturation of hydrogen by the metal. 

Consequently, the plasticity must be restored not only at very low testing 
temperatures, but also at very low rates of deformation. In other words, 
hydrogen brittleness of this type should be observed not only at a definite tem- 
perature interval, but also at a definite range of rates of deformation. 

Unfortunately, direct experimental data to confirm this hypothesis are 
still not available. It is possible, however, to cite the results 18 obtained for 
an (o' + j5) -alloy of titanium containing 4-percent Al, 4-percent Mn, and 
0. 02-percent H 2 by protracted static tests at room temperature of the strength 
of smooth specimens ( Figure 2) . It was found that the destruction is rapid and 



FIGURE 1. EFFECT OF EXPERIMEN- 
TAL TEMPERATURE ON TRANS- 
VERSE NARROWING OF TITANIUM 
ALLOYS CONTAMINATED BY 
HYDROGEN AT DIFFERENT RATES 
OF DEFORMATION ( V! < v 2 < v 3 < v 4 ) 
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plastic at stresses of 112 to 116 kg (force)/mm 2 . At stresses less than 
108 kg (force) /mm 2 , the destruction begins only after a long (more than 100 
hours) action by the stresses, but it still remains plastic. Brittle destruction 
is observed only in a very narrow range of stresses, 112 to 108 kg (force) /mm 2 , 
and begins at the expiration of 2 to 50 hours after the application of the load. 

The curves illustrating the change in transverse narrowing with tempera- 
ture ( Figure 1) should be modified when an important role is played by thermal 
destruction of hydrogen segregations during the elongation. At low rates of 
deformation, an improvement in plasticity may take place not as a result of 
destruction of Kotterell atmospheres, but by thermal break-up of the segrega- 
tions. The lower the rate of deformation, the longer will be effective the 
thermal break-up and, therefore, the more complete will be the sources of 
brittle destruction eliminated. Consequently, the minimum of plasticity should 
be displaced to lower temperatures when the rate of deformation is lowered 
( Figure 3) . 



0.01 0.1 1.0 10 100 1000 
DURATION UNTIL DESTRUCTION (HOURS) 


FIGURE 2. TRANSVERSE NARROW- 
ING OF ALLOY Ti + 4% A1 + 4% 
Mn WITH 0. 02% H 2 DEPENDING 
ON TIME UNTIL DESTRUCTION 
UNDER STATIC LOAD 



FIGURE 3. EFFECT OF TEST TEM- 
PERATURES ON TRANSVERSE 
NARROWING OF TITANIUM 
ALLOYS AT DIFFERENT RATES 
OF DEFORMATION BY TAKING 
INTO ACCOUNT THE THERMAL 
BREAK-UP OF HYDROGEN 
SEGREGATION (vj < v 2 < v 3 < v 4 ) 


The dislocation theory of hydrogen brittleness was checked experimentally 
for an oi + /5-alloy of VT3-1 titanium subjected to a wide range of temperatures 
and rates of elongation. 
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The investigations were carried out for a forged material made of an 
industrial series-produced ingot which, after its hydrogenation, was annealed 
as follows: heated to 870 °C, soaked for 1 hour, cooled in air to 650 °C, held at 
this temperature for 1 hour, and cooled in air. The elongation was tested 
with Gagarin-type smooth specimens on a mechanically driven machine. 

As an example, Figure 4 shows the effect of the temperature used for 
testing on the mechanical properties of VT3-1 alloy with 0. 05-percent hydrogen 
at different rates of elongation. The ultimate tensile strength of the alloy 
increases with decreasing temperature. For example, with a rate of deforma- 
tion equal to 4 mm/min, the ultimate tensile strength is 122 kg/ mm 2 at +20°C 
and 148 kg/ mm 2 at -175°C. However, the difference between the tensile 
strength at all three rates of deformation is very small and is close to the 
possible errors made during the experiment. 

The transverse narrowing at a rate of elongation equal to 0. 4 mm/ min 
is sharply reduced from 35 percent at +22 °C to 4 percent at -18°C. At a tem- 
perature further reduced to about -40 °C, the transverse narrowing remains 
unchanged at about 5 percent; it increases somewhat at still lower temperatures 
and reaches 9 percent at -70°C. The elongation at all three rates is approxi- 
mately the same for temperatures ranging from +20°C to -70°C and decreases 
somewhat at still lower temperatures. 

At a rate of deformation of 4 mm/min, the transverse narrowing varies 
with temperature nearly in the same manner as at a rate of 0.4 mm/min. The 
only difference is that the temperature at which the transverse narrowing begins 
to decrease sharply and the temperature corresponding to a minimum of 
plasticity are both higher: +12 °C and -8°C, respectively. At a rate of elonga- 
tion of 20 mm/min, the transverse narrowing decreases in a very narrow tem- 
perature range from -40°C to +2°C. 

The cited experimental data for each temperature used in testing can be 
presented in the form of coordinates ( properties -rate of deformation) . Such 
curves are shown in Figure 5 for two test temperatures: +2°C and -40°C. 
According to the data, at a temperature of +2°C, hydrogen brittleness is actually 
present within a definite range of rates of deformation (0.4 - 20 mm/min) . At 
a temperature of -40 °C, however, no restoration of plasticity is observed at a 
rate of deformation of 0.4 mm/min, because the thermal diffusion is very weak 
at this temperature. A restoration of plasticity at this temperature should be 
expected at considerably lower rates of deformation. 

Consequently, the experimentally obtained data confirm, at least qualita- 
tively, the dislocation theory of hydrogen brittleness in accordance with the 
pattern shown in Figure 3. 
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FIGURE 4. MECHANICAL PROPER- 
TIES OF VT3-1 -ALLOY WITH 
0. 05% H 2 DEPENDING ON TEM- 
PERATURE: RATE OF ELONGA- 
TION, mm/ min: 1 = 0.4; 2 = 4; 

3 = 20 


FIGURE 5. TRANSVERSE NARROW- 
ING OF VT3-1 -ALLOY WITH 0. 05% 
H 2 DEPENDING ON RATE OF 
DEFORMATION AT -40°C (1) AND 
AT +2°C (2) 


It is commonly assumed that titanium alloys with a structure represented 
by the /3-phase have no tendency to hydrogen brittleness. In fact, Jaffee, Lenning, 
and Craighead 8 found no reduced plasticity in alloys of Ti + 13-percent Mo and 
Ti + 20-percent Mo tempered to a (5-phase, even when these alloys contained 
0. 2-percent hydrogen by weight and were tested at 25 °C with the arm of the 
breaking machine moving at the rate of 0.1 mm/min. According to their data, 
an alloy of Ti + 9-percent Mn has no tendency to hydrogen brittleness with con- 
centrations of hydrogen ranging from 0.0015 to 0.075 percent, when tested 
mechanically under the same conditions. 

As shown by A. S. Moroz and Yu. D. Khesin, 9 an alloy containing 
3-percent Al, 13-percent V, and 11-percent Cr with a stable /3-phase after 
annealing and belonging, therefore, to (3-alloys, has no tendency to hydrogen 
brittleness at room temperature after its annealing. We obtained similar data 
for the domestic /3-titanium alloy VT15 ( Figure 6) . 

For concentrations of 0. 002 to 0. 1 percent by weight, the properties of 
the VT15-alloy are not affected substantially by hydrogen, irrespective of 
whether the rate of deformation is large or small. 
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FIGURE 6. MECHANICAL PROPER- 
TIES AT ROOM TEMPERATURE 
OF VT15-ALLOY ANNEALED 
FROM 780°C , DEPENDING ON 
CONTENT OF HYDROGEN IN 
ALLOY: RATES OF ELONGATION 
1 = 0.4; 2 = 4 mm/min 


FIGURE 7. MECHANICAL PROPER- 
TIES OF VT15-ALLOY AT -18°C 
AS A FUNCTION OF THE CON- 
TENT OF HYDROGEN IN THE 
ALLOY: RATES OF ELONGATION: 
1 = 0.4; 2 = 20 mm/min 


It should be expected, however, that /3-titanium alloys should have a tend- 
ency to hydrogen brittleness at a definite range of temperatures. The VT1 5-alloy, 
just as other metals with a space-centered cubic lattice, becomes brittle when 
the temperature is fairly low. In testing the elongation at a rate of 6 mm/ min, 
the temperature of transition from plastic to brittle state is about -70°C. 


Inasmuch as metals with a space-centered lattice have a greater tendency 
to brittle destruction, they are even more sensitive to contamination by impurities. 
In fact, nitrogen and oxygen reduce sharply the plasticity of /3-alloys at low tem- 
peratures. Hydrogen is hardly an exception. 


In this respect, it should be noted that the above data were obtained by 
testing the mechanical properties only at room temperature. Generally, such 
data cannot be used as proof that /3-titanium alloys, as a rule, have no tendency 
to hydrogen brittleness. 

Actually, mechanical tests carried out at a temperature of -18°C had 
shown that even the first addition of hydrogen (0. 015 percent by weight) to the 
alloy results in a sharply reduced transverse narrowing at low rate of deformation 
(Figure 7) . A VT15-alloy, which is first annealed in vacuum and then quenched 
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from 780 °C in water, has a transverse narrowing of more than 40 percent at 
-18 6 C; but the narrowing of the alloy containing 0. 015 percent by weight of 
hydrogen is reduced to 15 percent, although the alloy received the same heat 
treatment. 

There is a difference between this reduction in plasticity and the brittle- 
ness of the alloy at temperatures below the point of transition to a brittle state. 
While "its own" brittleness of the VT15-alloy appears at all rates of elongation, 
the plasticity of the alloy at a temperature of -18°C increases with the increase 
in rate of elongation. With the arm of the breaking machine moving at the rate 
of 20 mm/min, the transverse narrowing decreases only slightly with the 
increase in content of hydrogen, but no typical brittle destruction is observed 
even at 0. 1 percent by weight. The specimen breaks with a formation of a neck 
at about 35 percent of transverse narrowing. 



TEMPERATURE ( oC) 

FIGURE 8. MECHANICAL PROPERTIES OF VT15-ALLOY CONTAINING 
(1) 0.05% (2) 0.03%, and (3) 0. 015% HYDROGEN, DEPENDING 
ON TEMPERATURE OF THE TEST: RATE OF ELONGATION 
= 0.4 mm/ min 

Just as in the (a + ( 3 ) -titanium alloy VT3-1, the hydrogen brittleness of 
the VT15-alloy appears within a definite temperature range ( Figure 8) . At a 
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deformation rate of 0.4 mm/min, the transverse narrowing decreases sharply 
with a decrease in temperature. This reduction takes place within a narrow 
range of temperatures. Using the point at which the transverse narrowing is 
reduced to half as the upper temperature for the appearance of hydrogen brittle- 
ness, this temperature will be equal to +8°C, +2°C, and -8°C for hydrogen con- 
centrations of 0. 05, 0.03, and 0. 015 percent, respectively. Consequently, the 
higher the content of hydrogen the higher will be the upper temperature for the 
appearance of hydrogen brittleness. 

The restoration of plasticity at sufficiently low temperatures ( below 
-30 °C) does not reach its full extent because of the brittleness possessed by the 
alloy. As should have been expected from the dislocation theory of hydrogen 
brittleness, the VT15-alloy is destroyed in a plastic manner at the investigated 
range of temperatures and at 20 mm/min as the rate of deformation. Brittle 
destruction appears only at temperatures below -70 °C. 

Since the widely held opinion about the absence of hydrogen brittleness in 
/3-alloys was not confirmed experimentally, it would be interesting to return to 
the hypotheses on hydrogen brittleness of (o' + /3) -alloys advanced earlier by 
several investigators. 8 > 9 > 10 In the final analysis, hydrogen brittleness was 
linked with processes taking place at the surface separating the a- and the /3- 
phases, since it was assumed that neither the a - nor the /3-alloys have a tend- 
ency to hydrogen brittleness at a low rate of deformation. 

Generally speaking, there were no good reasons for this conclusion, 
since the composition of the /3-phase in the (a + (3) -alloys in which hydrogen 
brittleness was observed at room temperature did not coincide with the com- 
position of the investigated /3-alloys. It is entirely possible that hydrogen 
brittleness could be observed at room temperature in /3-titanium alloys having 
the same /3-phase as the investigated (a + /3) -titanium alloys. 

As far as the /3-phase in the VT3-1 alloy is concerned, the latter has 
almost the same composition as the VT15 alloy which contains on the average 
3-percent Al, 11-percent Cr, and 7-percent Mo versus the content of the /3-phase 
in VT3-1 alloy of 2-percent Al, 11-percent Cr, and 10-percent Mo after an iso- 
thermic annealing. 11 Therefore, it is not surprising that hydrogen brittleness 
in VT3-1 alloy is observed at practically the same range of temperatures as in 
the VT15 alloy, although there is no complete analogy as, for example, the 
presence of hydrogen brittleness in VT3-1 alloy at a deformation rate of 
20 mm/min and its absence in the VT15 alloy at the same rate of deformation. 

The incomplete coincidence in the ranges of hydrogen brittleness in the 
VT3-1 and VT15 alloys is due primarily to the fact that the /3-phase in the VT3-1 
alloy is equal to about 20 to 30 percent of the total volume of the alloy. Since 
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it is in the /3-phase where the hydrogen is concentrated in (a; + /?) -alloys, 
therefore, for the same average concentration its content in the /3-phase of the 
VT3-1 alloy is approximately 3 to 4 times larger than in the /3-phase of the 
VT15 alloy. Therefore, for the same average concentration of hydrogen, the 
/3-alloys are less sensitive to hydrogen brittleness than the (a + (3) -alloys. 

Although incomplete, the hydrogen brittleness ranges coinciding in 
VT15 and VT3-1 alloys indicate that the boundaries separating the a- and /3- 
phases are not responsible for the brittleness of (a + /3) -alloys. The inter- 
granular character of destruction by hydrogen brittleness is not due to the 
specific nature of the processes taking place at the boundaries separating the 
two different phases, but is due to the formation of accumulations of dislocations 
at the grain boundaries, irrespective of the phase to which the grains belong. 
Since in ( a + /S) -alloys the concentration of hydrogen is in the grains of the 
/3-phase, therefore, these are the grains where hydrogen brittleness will develop. 
Also, the rate of hydrogen diffusion in the n-phase is considerably less than in 
the /3-phase; therefore, even when the hydrogen concentration in the a -phase is 
sufficiently large, hydrogen brittleness in it should develop at considerably 
lesser rates of deformation, perhaps less by several orders. 

It would be interesting to compare the experimentally obtained data with 
what could be expected from the dislocation theory of hydrogen brittleness. 
Suitable for experimental direct checking is the critical rate of deformation 
determined by Eq. (2) . The value of A in this equation can be estimated from 
the relationship (3) which determines the bonding energy. In its turn, the 
value of the bonding energy can be determined from the relationship ( 1) . The 
minimum plasticity of the VT15-alloy containing 0.05-percent hydrogen by 
weight is observed at low rates of deformation at temperatures of about -10 °C. 
From this it follows that according to Eq. (1) the bonding energy should be equal 
to 0. 15 electron volts. This value is somewhat larger than the energy bonding 
the hydrogen atoms in iron and nickel ( 0. 1 and 0. 08 ev, respectively) . Assum- 
ing that the energy bonding the hydrogen atoms with the dislocations in a VT15- 
alloy is equal to 0. 15 ev, A is equal to 1. 1 x lO -20 ergs/cm. 

The coefficient of hydrogen diffusion in VT15-alloy at low temperatures 
was determined experimentally. For this purpose, specimens of VT15-alloys 
were electrolytically saturated with hydrogen at 18°C, 40 °C, and 80 °C in a 
fully normal solution of sulfuric acid followed by determination of distribution of 
hydrogen by mass-spectrographing the cross section of the specimen. The 
coefficient of diffusion of hydrogen in VT15-alloy at given temperatures was 
found by adjusting the Gauss curve for the experimental data. The extrapolation 
of data for a temperature of -18°C provides a value of about 10~ 10 cm 2 /sec. 
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Using 10 5 * * 8 cm -2 as the density of dislocations in VT15-alloy and b = 2.8 
x 10~ 8 cm as the Burgers vector, we find that the critical rate of deformation 
should be close to 0. 04 l/min. This, for a 30-mm long effective part of the 
specimen, corresponds to moving the arm of the breaking machine at a rate of 
1. 2 mm/ min. 

Actually, the VT15-alloy with 0.05-percent hydrogen at a temperature 
of -18°C and at rates of deformation of 20 and 4 mm/min is destroyed plastically, 
but in a brittle manner at a rate of 0.4 mm/min. This conformity with the 
experimental data confirms once more the expediency of using concepts of dis- 
location for solving the problems of hydrogen brittleness. 


CONCLUSIONS 

1. It was shown that hydrogen brittleness of ( a + /? )-titanium VT3-1 
alloy develops most intensively at temperatures below room temperatures and 
at low rates of deformation. 

2. It was found for the first time that below the room temperature, the 
/3-titanium alloys also have a tendency to hydrogen brittleness. The temperature 
for the appearance of hydrogen brittleness decreases with the decrease in con- 
tent of hydrogen. The hydrogen brittleness of VT15-alloy appears only at low 
rates of deformation in a narrow range of temperatures, approximately from 
-30°C to +10°C. 

3. Hydrogen brittleness of (a + /3) -titanium alloys is due to processes 
developing in the /3-phase during plastic deformation. 

4. Since the composition of the /3-phase in VT3-1 alloy after an iso- 
thermic annealing is close to the composition of the /3-phase of VT15 alloy, the 
hydrogen brittleness in them develops nearly identically during the same condi- 
tions for the mechanical tests. 

5. The main laws governing the appearance of hydrogen brittleness in 
VT3-1 and VT15 alloys are satisfactorily explained by the dislocation theory of 

hydrogen brittleness based on the assumption that hydrogen forms Kotterell 

atmospheres in the dislocations which in a definite temperature range are 
carried away by the dislocations. The dislocations carry the hydrogen to the 

grain boundaries, which results in hydrogen segregations favoring the forma- 
tion and spread of cracks. 
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6. It is assumed that the formation and spreading of cracks is helped 
not by the adsorption of hydrogen on the surface of the cracks, but by the forma- 
tion of dislocation accumulations enriched with hydrogen, by submicroscopic 
emissions of hydrides which hinder the plastic deformation at the apex of the 
cracks, or by strengthening the metal at the zone of accumulations due to the 
hydrogen segregation reaching a degree at which plastic deformation of the 
metal at the top of a crack becomes impossible. 


13 


LITERATURE CITED 


1. Blanchard, P. , Troiano, A. K. , Mem. Scient. Rev. Metallurg. , 1960, 

57, pp. 409-422. 

2. Koterill, P. , Vodorodnay Khrupkost 1 Metallov ( Hydrogen Brittleness 
of Metals) , Metallurgizdat, 1963. 

3. Boniszewski, T. , Smith, G. C. , Acta Metallurg. , 1963, 11, No. 3, 
pp. 165-178. 

4. Livanov, V. A., Bukhanova, A. A., Kolachev, B. A., Vodorod v Titane 
(Hydrogen in Titanium) , Metallurgizdat, 1962. 

5. Kottrell, A. Kh. , Dislokatsii i Plastic heskoye Techeniye ( Dislocations 
and Plastic Flow), Metallurgizdat, 1956. 

6. Kolachev, B. A. , Livanov, V. A. , Bukhanova, A. A. , Metallovedeniye 
Titana ( Titanium Metallurgy) , Izdatel'stvo Nauka, 1964, p. 88. 

7. Williams, D. N. , Schwarzberg, F. K. , Jaffee, R. I. , Trans. AMS , 

1959, 60, pp. 802-804. 

8. Jaffee, R. I., Lenning, G. A., Craighead, C. M. , J. Metals, 1956, 8 
(11), No. 8, pp. 923-928. 

9. Moroz, L. S. , Khesin, Yu. D. , Nekotoryye Problemy Prochnosti 
Tverdogo Tela (Certain Problems of Strength of Solid Bodies) , Academy 
of Sciences USSR, 1959, pp. 140-151. 

10. Jaffee, R. I. , Lenning, G. A. , Craighead, C. M. , J. Metals , 1956, 8 
(11) , No. 8, pp. 907-913. 

11. Blok, N. I., Glazova, A. I., Yakimova, A. M. , Lashko, N. F. , 

Sb Titan v Promyshlennosti (Collection, Titanium in Industry) , Oborongiz, 
1961, pp. 135-141. 

12. Potak, Ya. M., Breslavtsev, O. P. , Nekotoryye Problemy Prochnosti 
Tverdogo Tela , Academy of Sciences USSR, 1959, pp. 152-169. 

13. Petch, N. J. , Philos. Mag. , 1956, 1, p. 331. 

14. Petch, N. J., Stables, P. S. , Nature, 1952, 169 , pp. 842-843. 


15 



LITERATURE CITED (CONCLUDED) 


15. Kazinczy, F. , J. Iron and Steel Inst. , 1954, 177, No. 1, pp. 85-92. 

16. Garofalo, F. , Chou, Y. T., Ambegaokar, V. , Acta Metall. , 1960, 8, 
No. 8, pp. 506-512. 

17. Livanov, V. A., Bukhanova, A. A., Kolachev, B. A., 

Gusel'nikov, N. Ya. , Sb Titan i Yego Splavy (Collection, Titanium and 
Its Alloys) , Academy of Sciences, USSR, 1963, pp. 307-317. 

18. Williams, D. N. , J. Inst. Metals , 1962, 91, No. 4, pp. 147-152. 


16 



|U| DISTRIBUTION 


No. of Copies 

EXTERNAL 


Air University Library 1 

ATTN: AUL3T 

Maxwell Air Force Base, Alabama 36112 

U. S. Army Electronics Proving Ground 1 

ATTN : Technical Library 

Fort Huachuca, Arizona 85613 

U. S. Naval Ordnance Test Station 1 

ATTN: Technical Library, Code 753 

China Lake, California 93555 

U. S. Naval Ordnance Laboratory 1 

ATTN : Library 

Corona, California 91720 

Lawrence Radiation Laboratory 1 


ATTN: Technical Information Division 

P. 0. Box 808 

Livermore, California 94550 


Sandia Corporation 1 

ATTN; Technical Library 
P. 0. Box 969 

Livermore, California 94551 

U. S. Naval Postgraduate School 1 

ATTN: Library 

Monterey, California 93940 

Electronic Warfare Laboratory, USAEC0M 1 

Post Office Box 205 

Mountain View, California 94042 

Jet Propulsion Laboratory 2 

ATTN: Library (TDS) 

4800 Oak Grove Drive 
Pasadena, California 91103 

U. S. Naval Missile Center 1 

ATTN: Technical Library, Code N3022 

Point Mugu, California 93041 

U. S. Army Air Defense Command 1 

ATTN: ADSX 

Ent Air Force Base, Colorado 80912 

Central Intelligence Agency 4 

ATTN: OCR/DD- Standard Distribution 

Washington, D. C. 20505 

Harry Diamond Laboratories 1 

ATTN: Library 

Washington, D. C. 20438 

Scientific § Tech. Information Div., NASA 1 
ATTN: ATS 

Washington, D. C. 20546 


No. of Copies 


U. S. Atomic Energy Commission 1 

ATTN: Reports Library, Room G-017 

Washington, D. C. 20545 

U, S. Naval Research Laboratory 1 

ATTN: Code 2027 

Washington, D. C. 20390 

Weapons Systems Evaluation Group 1 

Washington, D. C. 20305 

John F. Kennedy Space Center, NASA 2 

ATTN: KSC Library, Documents Section 

Kennedy Space Center, Florida 32899 

APGC (PGBPS-12) 1 

Eglin Air Force Base, Florida 32542 

U. S. Army CDC Infantry Agency 1 

Fort Benning, Georgia 31905 

Argonne National Laboratory 1 

ATTN: Report Section 

9700 South Cass Avenue 
Argonne, Illinois 60440 

U. S. Army Weapons Command 1 

ATTN: AMSWE-RDR 

Rock Island, Illinois 61201 

Rock Island Arsenal 1 

ATTN: SWER1-RDI 

Rock Island, Illinois 61201 

U. S. Army Cmd. £ General Staff College 1 

ATTN: Acquisitions, Library Division 

Fort Leavenworth, Kansas 66027 

Combined Arms Group, USACDC 1 

ATTN: Op. Res., P and P Div. 

Fort Leavenworth, Kansas 66027 

U. S. Army CDC Armor Agency 1 

Fort Knox, Kentucky 40121 

Michoud Assembly Facility, NASA 1 

ATTN : Library , I -MIOl-GSD 

P. 0. Box 29300 

New Orleans, Louisiana 70129 

Aberdeen Proving Ground 1 

ATTN: Technical Library, Bldg. 313 


Aberdeen Proving Ground, Maryland 21005 

NASA Sci. § Tech. Information Facility 5 

ATTN: Acquisitions Branch (S-AK/DL) 

P. 0. Box 33 

College Park, Maryland 20740 

U. S. Army Edgewood Arsenal 1 

ATTN: Librarian, Tech. Info. Div. 

Edgewood Arsenal, Maryland 21010 


17 



No. of Copies 


National Security Agency 1 

ATTN: C3/TDL 

Fort Meade, Maryland 207S5 

Goddard Space Flight Center, NASA 1 

ATTN: Library, Documents Section 

Greenbelt, Maryland 20771 

U. S. Naval Propellant Plant 1 

ATTN: Technical Library 

Indian Head, Maryland 20640 

U. S. Naval Ordnance Laboratory 1 

ATTN: Librarian, Eva Liberman 

Silver Spring, Maryland 20910 

Air Force Cambridge Research Labs. 1 

L. G. Hanscom Field 
ATTN: CRMXLR/Stop 29 

Bedford, Massachusetts 01730 

Springfield Armory 1 

ATTN: SWESP-RE 

Springfield, Massachusetts 01101 

U. S. Army Materials Research Agency 1 

ATTN: AMXMR-ATL 

Watertcwn, Massachusetts 02172 

Strategic Air Command (OAI) 1 

Offutt Air Force Base, Nebraska 68113 

Picatinny Arsenal, USAMUCOM 1 

ATTN: SMUPA-VA6 

Dover, New Jersey 07801 

U. S. Army Electronics Command 1 

ATTN: AMSEL-CB 

Fort Monmouth, New Jersey 07703 

Sandia Corporation 1 

ATTN : Technical Library 

P. 0. Box 5800 

Albuquerque, New Mexico 87115 

ORA(RRRT) 1 

Holloman Air Force Base, New Mexico 88330 

Los Alamos Scientific Laboratory 1 

ATTN: Report Library 

P. 0. Box 1663 

Los Alamos, New Mexico 87544 

White Sands Missile Range 1 

ATTN: Technical Library 

White Sands, New Mexico 88002 

Rome Air Development Center (EMLAL-1) 1 

ATTN : Documents Library 

Griff iss Air Force Base, New York 13440 


No. of Copies 


Brookhaven National Laboratory 1 

Technical Information Division 
ATTN: Classified Documents Group 

Upton, Long Island, New York 11973 

Watervliet Arsenal 1 

ATTN: SWEWV-RD 

Watervliet, New York 12189 

U. S. Army Research Office (ARO-D) 1 

ATTN: CRD-AA-IP 

Box CM, Duke Station 

Durham, North Carolina 27706 

Lewis Research Center, NASA 1 

ATTN: Library 

21000 Brookpark Road 
Cleveland, Ohio ‘44135 

Systems Engineering Group (RTD) 1 

ATTN: SEPIR 

Wright -Patterson Air Force Base, Ohio 45433 

U. S. Army Artillery 5 Missile School 1 

ATTN: Guided Missile Department 

Fort Sill, Oklahoma 73503 

U. S. Army CDC Artillery Agency 1 

ATTN : Library 

Fort Sill, Oklahoma 73504 

U. S. Army War College 1 

ATTN: Library 

Carlisle Barracks, Pennsylvania 17013 

U. S. Naval Air Development Center 1 

ATTN : Technical Library 

Johnsville, Warminster, Pennsylvania 18974 

Frankford Arsenal 1 

ATIN: C- 2500 -Library 

Philadelphia, Pennsylvania 19137 

Div. of Technical Information Ext. , USAEC 1 

P. 0. Box 62 

Oak Ridge, Tennessee 37830 

Oak Ridge National Laboratory 1 

ATTN : Central Files 

P. 0. Box X 

Oak Ridge, Tennessee 37830 

Air Defense Agency, USACDC 1 

ATTN : Library 

Fort Bliss, Texas 79916 

U. S. Army Air Defense School 1 

ATIN: AKBAAS-DR-R 

Fort Bliss, Texas 79906 


18 



No. of Copies No. of Copies 

U. S. Army CDC Nuclear Group 1 

Fort Bliss, Texas 79916 

Manned Spacecraft Center, NASA 1 

ATTN: Technical Library, Code BM6 

Houston, Texas 77058 

Defense Documentation Center 20 

Cameron Station 
Alexandria, Virginia 22314 

U. S. Army Research Office 1 

ATTN: STINFO Division 

3045 Columbia Pike 
Arlington, Virginia 22204 

U. S. Naval Weapons Laboratory 1 

ATTN : Technical Library 

Dahlgren, Virginia 22448 

U. S. Army Engineer Res. 5 Dev. Labs. 2 

ATTN: Scientific § Technical Info. Br. 

Fort Belvoir, Virginia 22060 

Langley Research Center, NASA 1 

ATTN: Library, MS-185 

Hampton, Virginia 23365 

Research Analysis Corporation 1 

ATTN: Library 

McLean, Virginia 22101 

U. S. Army Tank Automotive Center 1 

ATTN: SM0TA- RTS . 1 

Warren , Michigan 48090 

Hughes Aircraft Company 1 

Electronic Properties Information Center 
Florence Ave. § Teale St. 

Culver City, California 90230 

Atomics International, Div. of NAA 1 

Liquid Metals Information Center 
P. 0. Box 309 

Canoga Park, California 91305 

Foreign Technology Division 1 

ATTN : Library 

Wright -Patterson Air Force Base, Ohio 45400 

Clearinghouse for Federal Scientific and 1 

Technical Information 
U. S. Department of Commerce 
Springfield, Virginia 22151 

Foreign Science § Technology Center, USAMC 3 

ATTN: Mr. Shapiro 

Washington, D. C. 20315 

National Aeronautics § Space Administration 2 

Code USS-T (Translation Section) 

Washington, D. C. 20546 

19 


INTERNAL 


Headquarters 

U. S. Army Missile Command 
Redstone Arsenal, Alabama 
ATTN: AMSMI-D 1 

AMSMI-XE, Mr. Lowers 1 

AMSMI-XS 1 

AMSMI-Y 1 

AMSMI-R, Mr. McDaniel 1 

AMSMI-RAP 1 

AMSMI-RBLD 10 

USACDC-LnO 1 

AMSMI -RBT 8 

AMSMI-RB, Mr. Croxton 1 

National Aeronautics § Space Administration 
Marshall Space Flight Center 
Huntsville, Alabama 

ATTN: MS-T, Mr. Wiggins 5 

R-PSVE-MMC, Mr. Lowery 1 





10. DISTRIBUTION STATEMENT 

Distribution of this document is unlimited. 



12. SPONSORING MILITARY ACTIVITY 

Same as No. 1 


11- SUPPLEMENTARY NOTES 

None 



6. REPORT DATE 


26 July 1967 


(a. CONTRACT OR CRANT NO. 

N/A 

6. PROJECT NO. 



fteSstone ^cnentliiS 1!nformal7in Center 
Research and Development Directorate 
U. S. Army Missile Command 
Redstone Arsenal, Alabama 35809 








UNCLASSIFIED 

Security Classification 


14. 1 

LINK A j 

LINK B j 

LINK C | 


ROLE 

WT 

ROLE 

WT 

ROLE 

WT 

Plastic deformation 
Dislocating motion 
Fracturing 

Submicroscopic hydrides 
Hydrogen brittleness 
Titanium alloys 
Isothermic annealing 






* 


UNCLASSIFIED 


Security CUasiflcation 










